Introduction {#Sec1}
============

Mapping and cloning of plant disease-resistance genes (R-genes) are of great importance for several reasons (McDowell and Woffenden [@CR25]): identification of genetic markers closely linked to R-genes are useful for breeding resistant cultivars; transgenic expression of R-genes can confer resistance against common pathogens to distantly related crop species; molecular analysis of R-gene products provides us with knowledge on plant defense mechanisms; and structural analysis of alleles of resistance genes is expected to help understand the co-evolution of pathogens and host R-genes.

Tobamovirus infection is one of the greatest threats for the cultivation of crops, especially peppers. *Capsicum* plants have genes, designated *L* genes, providing resistance against tobamoviruses. These genes have been introduced into pepper cultivars to protect the plants from tobamovirus infection. There are four allelic genes---*L*^1^, *L*^2^, *L*^3^ and *L*^4^---known to provide increased anti-tobamovirus resistance: *L*^1^ confers resistance to P~0~ pathotype viruses such as *Tomato mosaic virus* (ToMV); *L*^2^ confers resistance to P~0~ and P~1~ pathotype viruses such as *Paprika mild mottle virus* (PaMMV) that overcomes *L*^1^ resistance; *L*^3^ confers resistance to P~0~, P~1~ and P~1,2~ pathotype *Pepper mild mottle virus* (PMMoV) that overcomes *L*^2^ resistance; *L*^4^ confers resistance to P~0~, P~1~, P~1,2~ and P~1,2,3~ pathotype PMMoV that overcomes *L*^3^ resistance (Boukema [@CR2], [@CR3], [@CR4]). In addition to these classical *L* genes, another allelic gene with a different temperature sensitivity, *L*^1*a*^, was recently identified (Sawada et al. [@CR31]). Studies have identified the viral coat proteins (CPs) as elicitors of *L* genes-mediated resistance (Berzal-Herranz et al. [@CR1]; de la Cruz et al. [@CR6]; Gilardi et al. [@CR11]; Matsumoto et al. [@CR24]). Comparison of amino acid sequences revealed that the CPs of ToMV, PaMMV and PMMoV are distantly related to each other, but those from P~1,2~ and P~1,2,3~ pathotype PMMoV differ by only one or two amino acids (Garcia-Luque et al. [@CR9]; Berzal-Herranz et al. [@CR1]; Tsuda et al. [@CR35]; Hamada et al. [@CR14]; Hamada et al. [@CR15]; Yamasaki et al. [@CR38]). A recent study revealed that the coat protein of *L*^4^ resistance-breaking P~1,2,3,4~ pathotype of PMMoV differs in two amino acids from P~1,2~ (Genda et al. [@CR10]). These data support the idea that the interaction between *L* genes and tobamoviruses serves as a good system for studying the mechanism and evolution of virus perception by plants.

The emergence of *L*-genes mediated resistance-breaking strains of PMMoV implies that development of a new resistance gene with a wider resistance spectrum is needed. A promising approach would be to clone an *L* gene and cause it to evolve artificially to have a wider ability to recognize tobamovirus CPs. Such an approach was successful in *Potato virus X* resistance gene, *Rx* (Farnham and Baulcombe [@CR7]). Alternatively, overexpression of a cloned *L* gene may help extend the resistance to higher order pathotype PMMoV, because *L*^3^ gene-mediated resistance to P~1,2~ pathotype PMMoV is reportedly gene dose-dependent: i.e., peppers homozygous for *L*^3^ were resistant to P~1,2~ pathotype PMMoV, but the heterozygous plants with a susceptible allele showed systemic necrosis upon infection with the virus (Hamada et al. [@CR14]). It is important to clone the *L* genes and study the mechanisms by which they recognize tobamovirus CPs for establishing an effective control strategy against those viruses in peppers.

The *L* genes were discovered in 1980s and have been used for the breeding of tobamovirus-resistant pepper cultivars. The *L* locus was mapped to the sub-telomeric region of pepper chromosome 11, at 4.0 cM from RFLP marker TG36 (Lefebvre et al. [@CR21]), which was originally discovered in tomato (Livingstone et al. [@CR23]). The region containing the *L* locus has synteny to a region of tomato chromosome 11 (Livingstone et al. [@CR23]), which contains a *Fusarium* resistance gene *I2* (Ori et al. [@CR28]; Simons et al. [@CR32]; Grube et al. [@CR12]). An AFLP marker has been developed that co-segregates with the *L*^3^ gene (Sugita et al. [@CR34]). The detailed location and structure of the *L* locus remains to be determined. It has been suggested that the region containing the *L* locus also contains many repetitive sequences and is less polymorphic than other parts of the pepper genome, which makes it difficult to analyze the region (Yoo et al. [@CR39]).

Studies have revealed that R-genes are often found in a cluster of homologous genes (Michelmore and Meyers [@CR26]). The size and arrangement of R-gene clusters vary within loci and plant species. The Dm3 locus of lettuce contains more than 24 genes in an approximately 4 Mb region, while the compact and tightly arranged *I2*-complex contains the *I2* gene and an additional six cognates within a 90 kb region with 8--10 kb intergenic regions. Huang et al. ([@CR16]) isolated the potato late blight resistance gene *R3a* using the synteny between the *R3a* and *I2* loci, and found that the *R3a* region is physically larger than the *I2* region: the *R3a* region contains more R-like genes with larger intergenic regions than *I2*. This fact indicates that the *L* locus may be larger and more complex than the *I2* and *R3a* loci.

In this report, we have characterized the *L*^3^ locus for future cloning of this R-gene. Some resistance genes are hard to clone by map-based methods, most likely due to the complex structure of the loci. For example, the Tm-1 tobamovirus resistance gene of tomato was mapped to chromosome 2, but could not be cloned by map-based methods. It was eventually identified by biochemical analysis (Ishibashi et al. [@CR17]). It is important to characterize the resistance locus to determine if it is feasible to clone the resistance gene. We performed high resolution mapping of the *L*^3^ gene using AFLP markers, markers made from BAC-end sequences and RGA (resistance gene analogs; Pflieger et al. [@CR29])-based markers in two mapping populations. Although we could not construct a single BAC contig encompassing the *L*^3^ locus, analysis of BAC clones and DNA fiber FISH analysis located the locus in an approximately 400 kb region of *Capsicum chinense* chromosome 11. Analysis of the incomplete BAC contig revealed that this region contains multiple copies of RGAs, namely homologs of the tomato *I2* gene, and is rich in highly repetitive sequences included in the *Cot*-1 DNA fraction. The genetic distances from the *L*^3^ locus to some markers were not consistent between the two mapping populations, suggesting linkage disequilibrium in the region containing the *L*^3^ locus. The feasibility of *L*^3^ gene isolation is discussed in the light of structure, inheritance and evolution of the *L* locus.

Materials and methods {#Sec2}
=====================

Plant materials and DNA extraction {#Sec3}
----------------------------------

*Capsicum annuum* KOS, a susceptible cultivar, and NDN, a breeding line homozygous for the *L*^3^ gene from PI152225, were bred in the Japan Horticultural Production and Research Institute. *C. chinense* PI159236, which is homozygous for *L*^3^, and *Capsicum frutescens* LS 1839-2-4, which is homozygous for *L*^2^, were obtained from Shinji Monma, National Institute of Vegetables and Tea Science, Mie, Japan. Two mapping populations used in this study, NK and YB populations, were generated by selfing the F1 between *C. annuum* KOS and NDN, and *C. chinense* PI159236 and *C. frutescens* LS 1839-2-4, respectively. DNA was extracted using a Nucleon PhytoPure plant DNA extraction kit (GE Health Care) or DNeasy plant maxi kit (QIAGEN) for large-scale preparation. Nucleon PhytoPure plant DNA extraction kit or DNeasy plant mini kit (QIAGEN) were used for small-scale preparation. For a smaller preparation (from cotyledons of YB population), a simplified CTAB procedure was used. Briefly, tissues were homogenized in 0.2 ml CTAB buffer (100 mM Tris--HCl, pH 8.0, 1.4 M NaCl, 20 mM EDTA, 3% cetyltrimethylammonium bromide, 0.2% β-mercaptoethanol) using Tissue lyzer (Qiagen) with two 3 mm (diameter) zirconia beads, added with 0.3 ml CTAB buffer, incubated at 60°C for 30 min and extracted with chloroform. The aqueous phase (0.4 ml) was transferred to a new tube and DNA was precipitated with isopropyl alcohol. The DNA pellet was rinsed with 70% ethanol, air-dried, dissolved in TE buffer and used for PCR analysis.

Assay for the response of plants to PMMoV infection {#Sec4}
---------------------------------------------------

Plants grown to 3--4 leaf stages were mechanically inoculated with 10 μg/ml PMMoV-Iw (P~1,2~ pathotype; Hamada et al. [@CR15]) on the first and the second true leaves and observed for the expression of necrotic symptoms on the inoculated leaves at 5 days post-inoculation. Alternatively, a cotyledon was cut from each plant, mechanically inoculated with 10 μg/ml PMMoV-Iw, kept in a moist chamber for 7 days and observed for the expression of necrotic symptoms. In some cases, virus spread was examined by hammer blotting immunostaining (Hamada et al. [@CR14]) to confirm the response of plants to the virus infection.

Molecular markers {#Sec5}
-----------------

### AFLP {#Sec6}

AFLP markers were obtained by analyzing DNA from parental lines and PMMoV-resistant and -susceptible F2 progenies by the HEGS-AFLP method described previously (Kawaguchi et al. [@CR18]), a modified procedure of AFLP protocol of Vos et al. ([@CR36]). Briefly, DNA was digested with *Eco*RI and *Mse*I, and the products ligated with *Eco*RI- and *Mse*I-adaptors. After preamplification with common adaptor primers, PCR products from 10 to 12 plants each of PMMoV-resistant and -susceptible F2 progenies were gathered together, respectively, for bulk analysis. From the bulked-PCR products derived from resistant and susceptible progenies, DNA fragments were PCR-amplified using 64 selective primers for both adaptor sequences (4,096 combinations of primers; all possible combination of selective extension of primers described by Vos et al. ([@CR36]); custom synthesized and purified by Fasmac, Atsugi, Japan) and analyzed on a polyacrylamide gel (5% stacking gel and 13% separation gel; 18 cm long and 1 mm thick) as described in detail by Kawaguchi et al. ([@CR18]). The primer combinations that gave polymorphic bands between resistant and susceptible plants were used for analyzing more PMMoV-resistant and -susceptible F2 progenies. Reproducibly polymorphic bands were gel-purified, cloned using a TOPO TA cloning kit for sequencing (Invitrogen) and sequenced. Based on the AFLP fragment sequence, sequence characterized amplified region (SCAR) markers that link to PMMoV-resistance were generated (Table [1](#Tab1){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}).Table 1Molecular markers used in this studyMarkers^a^Methods/types^b^Sequences^i^Target sequence^j^A214 (NK)AFLP^c^ → BAC-end\
 → SCAR^d^5′-ACCGTTATGGTATGGGACAG-3′\
5′-GAAGGGCCTTTTGGTCATCT-3′AB442177A214 (YB)AFLP → BAC-end\
 → SCAR5′-ATGAGAAAAAGATCTGTGTTTTC-3′\
5′-CATGGTTTTAGGGTTGGGATA-3′AB442177\
AB442196A339 (NK)AFLP → SCAR^e^5′-TCTCGGTAGGCCATTTTGCT-3′\
5′-GTAAGTTGCTATGCCCACCA-3′DD410853A339 (YB)AFLP → SCAR5′-GTTTTACATGAAACGCGTTC-3′\
5′-GAAGATAGTGGTGGAGAAAA-3′DD410853\
AB442209YB2A25 (NK and YB)AFLP → SCAR5′-ATGTCCGTCACGGCCAGGCA-3′\
5′-CGGCAAATTCCCCGTTAGTT-3′AB442167\
AB442211YB2A14 (NK)AFLP → SCAR5′-GCGCTTCTGATGATAAGCCA-3′\
5′-GCATCTGATTCTCACGTTGA-3′AB442169YB2A19 (NK)AFLP → SCAR5′-TATGCTGCTGCGGGAAAATG-3′\
5′-CACCGAACAAATCTACGAGC-3′AB442168IH6-06 (NK)RGA^f^, SCAR5′-CTTCTCCTGTCATCTTGTAAG-3′\
5′-CTTGGATCCCACTAGCACATA-3′AB442187IH1-04 (NK and YB)RGA, SCAR5′-GGAAGTAAGATCATTGTGACGACTA-3′\
5′-CCCTATTTTCTAGAGAATGTCGT-3′AB442185\
AB442188--AB442191IH1-18 (YB)RGA, SNPs\
(*Taq* I, Cf)^g^5′-TTTTTCTCAACATAAAGGAGAAGT[C]{.ul}G-3′\
5′-CCACAGAAGTTGCAGGTGTTCT-3′AB442186\
AB442192--AB442195189D23M (NB)BAC-end^h^, SCAR5′-ATTGTCAGAGTCGGGAAGCA-3′\
5′-TACTATGCACAGGGTCTAGG-3′AB442178189D23M (YB)BAC-end, SCAR5′-ATTGTCAGAGTCGGGAAGCA-3′\
5′-AACGACAAGGGTTTATTGTATGC-3′AB442178\
AB442197--AB44219921L24M (YB)BAC-end, SNPs (HpyCH4 IV, Cc)5′-AAAACACAACTTACTGTCTAGAAAAC-3′\
5′-ACTCCTGCAATAATAAATGGAT-3′AB442181\
AB442205--AB442208197AD5R (YB)BAC-end, SNPs (*Fok* I, Cc)5′-TCAAACTTTCAGAAACTTCG[G]{.ul}A-3′\
5′-GCAATACCTTGACGGCTATAAA-3′AB442179\
AB442200--AB442204253A1R (YB)BAC-end, SCAR5′-GCTTCTCCCCAAATGTAGCA-3′\
5′-CTCAAACGAGTCATGGCTGA-3′AB442182213E3R (YB)BAC-end, SCAR5′-TCATTGGACATGGTGGCTAT-3′\
5′-GGGCTCGTGACGACCTATTA-3′AB442180^a^Name of molecular markers with mapping population in brackets^b^Methods used to develop the molecular markers and types of the molecular markers^c^AFLP gel photos are shown in electronic supplementary material, Fig. S3^d^Molecular markers developed from end sequences of BAC clone identified using AFLP marker^e^Molecular markers first developed by AFLP and then converted to SCAR marker by the analysis of AFLP fragments^f^Analysis of resistance gene analogs^g^Restriction enzymes used in PIRA-PCR and parental lines from which cleavable versions of polymorphisms were derived: *Cc Capsicum chinense* PI159236, *Cf Capsicum frutescens* LS 1839-2-4^h^Analysis of BAC-end sequences^i^Sequences of PCR primers used for the detection of the molecular markers. Mismatches introduced into PIRA-PCR primers are underlined^j^Accession No. of sequences used for the development of the markersFig. 1Genetic (**a**) and physical (**b**) map of the *L*^3^ region. **a** The *L*^3^ region was mapped with two different F2 populations, NK and YB. *Open circles* indicate the position of the *L*^3^ gene. Names of molecular markers are *underlined*. *Numbers withbrackets* indicate the number of recombinant progenies with Cosambi's distances in brackets. \*0.05 cM; ^†^0.02 cM. Note that some markers are common to both mapping populations. **b** BAC contigs constructed in the *L*^3^ region (*gray bar*) are shown. *Lines with clone names* indicate the positions and size of BAC clones. Refer to Fig. [3](#Fig3){ref-type="fig"} for the gap

### RGA {#Sec7}

Degenerate PCR primers were designed based on the alignment of reported sequences for *I2* and its cognate (Accession No. AF004878 and AF004879) and sequences obtained in the analysis of BAC clones (Accession No. AB442166, AB442172, AB442173, AB442174, AB442175 and AB442176; alignment is shown in electronic supplementary material Fig. S1; primer sequences are in Table [2](#Tab2){ref-type="table"} and their positions in CC-NBS-LRR protein domain map are in Fig. [2](#Fig2){ref-type="fig"}a). The primers were used for isolating RGA sequences from *C. chinense* PI159236 under the conditions described in the footnote of Table [2](#Tab2){ref-type="table"}. Thirty-five RGAs were sequenced in both *C. chinense* PI159236 and *C. frutescens* LS 1839-2-4 and those which exhibited polymorphism between the parental lines were used for the generation of SCAR or SNP markers (Table [1](#Tab1){ref-type="table"}). The SNPs were detected by primer-introduced restriction analysis (PIRA)-PCR as described (Haliassos et al. [@CR13]; Ke et al. [@CR19]).Table 2Degenerate primers used in an exhaustive search for *I2* homologsPrimer namesSequences^a^Pair/conditionPI2H-B1F15′-GAGATTGGCTTCGCARTYGG-3′PI2H-B2R1 and -B2R2\
Normal PCR^b^PI2H-B1F25′-TGTTYTCTTTGAYAGGCTTGCT-3′PI2H-B2R1 and -B2R2\
Normal PCRPI2H-B2R15′-TCRAAYAAYGATCTTGATCTCAA-3′PI2H-B1F1 and -B1F2\
Normal PCRPI2H-B2R25′-CTGAYACARAGTTTTGAAGATG-3′PI2H-B1F1 and -B1F2\
Normal PCRPI2H-B2F15′-TGTATAACTTAGAGACACTTCTC-3′PI2H-B3R1 and -B3R2\
Touch-down PCR-1^c^PI2H-B2F25′-GAGYTRCCGCYRCAGATGG-3′PI2H-B3R1 and -B3R2\
Touch-down PCR-1PI2H-B3R15′-TAYGTCTCTTTCAGTTTGNGAAT-3′PI2H-B2F1 and -B2F2\
Touch-down PCR-1PI2H-B3R25′-TRTGGGCYTAGCTCATCAAGT-3′PI2H-B2F1 and -B2F2\
Touch-down PCR-1PI2H-B3F15′-ATGYCNGARTGGAAGCARTG-3′PI2H-B3R1 and -B3R2\
Touch-down PCR-2^d^PI2H-B3F25′-TTGCCGRAAATTGAAATTGGA-3′PI2H-B3R1 and -B3R2\
Touch-down PCR-2PI2H-B4R15′-CAGTAYTCCYCCTTGTCRAA-3′PI2H-B2F1 and -B2F2\
Touch-down PCR-2PI2H-B4R25′-TGAGCAATTTYTGRCCAGTA-3′PI2H-B2F1 and -B2F2\
Touch-down PCR-2^a^Sequences of primers: Y, C or T; R, A or G; N, any nucleotide^b^PCR condition was as follows: 94°C for 4 min; 30 cycles of 94°C for 30 s, 63°C for 30 s and 72°C for 30 s^c^PCR condition was as follows: 94°C for 2 min; 15 cycles of 94°C for 30 s, 65--51°C (1°C reduction every cycles) for 30 s and 72°C for 30 s; 25 cycles of 94°C for 30 s, 63°C for 30 s and 72°C for 30 s^d^PCR condition was as follows: 94°C for 2 min; 15 cycles of 94°C for 30 s, 65--51°C (1°C reduction every cycles) for 90 s and 72°C for 30 s; 25 cycles of 94°C for 30 s, 63°C for 90 s and 72°C for 30 sFig. 2Analysis of *I2* homologs in the *L*^3^ region. **a** Schematic representation of the *I2* protein structure: *open*, *light gray* and *dark gray boxes* indicate coiled-coil (*CC*), nucleotide binding (*NBS*) and leucine-rich repeat (*LRR*) domains. *Arrowheads* indicate the positions of PCR primers used in the exhaustive search for *I2* homologs (Table [2](#Tab2){ref-type="table"}). *Thick lines* indicate the position of Southern blotting probes used in **d**. **b** Schematic representation of BAC contigs analyzed in **c**--**f**. *Open boxed labeled* "*L*^3^" indicates the *L*^3^ region. *Numbers in brackets* with BAC clone names correspond to lane numbers in **c**--**f**. BAC DNAs were digested with *Hin*d III, separated on an agarose gel (**c**; ethidium bromide staining), transferred to a nylon membrane and probed with *I2* homologs (**d**), *Cot*-1 (**e**) or *Cot*-100 DNA (**f**)

Generation of *C. chinense* BAC library, chromosome walking and partial sequencing of BAC clone 21L24 {#Sec8}
-----------------------------------------------------------------------------------------------------

*Capsicum chinense* PI159236 nuclei were isolated, capsulated with agarose and partially digested with *Hin*dIII. The digested DNA was separated by pulse-field gel electrophoresis and DNA fragments larger than 100 kb were purified and inserted into pBeloBAC11. The BAC library, which consisted of 100,224 independent clones with an average insert size of 100 kb, were PCR-screened as follows: first screen, PCR analysis of 261 pools of DNA each consisting of 384 independent clones; second screen, PCR analysis of four pools of 96 clones each; third screen, PCR analysis of 96 clones (for detail, see electronic supplementary material, Fig. S2). BAC end sequences were determined for positive clones and used for designing PCR primers for the next cycle of screening as above and for linkage analysis. Pairs of PCR primers were designed in the BAC-end sequence, tested for polymorphism in the parental lines to generate BAC-end makers. When no polymorphism between the parental lines was detected by the primer pairs, the homologous DNA fragment was isolated from susceptible parent and sequenced, then SCAR or SNP markers were generated based on the alignment of sequences from the parental lines. A BAC clone, 21L24, was sequenced by a shotgun sequencing procedure. Briefly, the BAC DNA was sheared by sonication to 1--2 kb, end-repaired using DNA blunting kit (Toyobo) and cloned using a Zeroblunt TOPO DNA cloning kit for sequencing (Invitrogen). Sequences were determined in 1,200 clones and assembled using AutoAssembler version 2.1 (ABI) to give eight contigs.

Stretched DNA fiber FISH analysis {#Sec9}
---------------------------------

*Capsicum chinense* PI159236 nuclei were isolated and stretched DNA fibers were prepared on Poly-Prep Slides (Sigma-Aldrich) by the dragging method as described previously (Fransz et al. [@CR8]; Li et al. [@CR22]; Walling et al. [@CR37]). Selected BAC clones were labeled with biotin or digoxygenin using biotin High prime or DIG High prime labeling kits (Roche), respectively, accordingly to manufacturer's protocols, with 6 h of reaction time. Blocking DNA, Cot-1 and Cot-100 DNA were prepared as described previously (Budiman et al. [@CR5]; Walling et al. [@CR37]). Stretched DNA fibers were denatured at 80°C for 5 min in 10 μl/slide of hybridization buffer containing about 50 ng each of labeled probes, 1 μg Cot-1 DNA, 2 μg Cot-100 DNA and 10 μg herring testes DNA. After washing twice in 0.1 × SSC containing 0.1% SDS at 45°C for 10 min, slides were blocked with TBST-BB (20 mM Tris--HCl, pH 7.2, 0.5 M NaCl, 0.05% Tween-20, 1% blocking reagent (Roche), 2% BSA), probed sequentially with a mixture of 0.4 μg/ml Alexa FluorR 488-streptavidin (Molecular probe) and 0.1 μg/ml anti-DIG mouse monoclonal antibody (Roche), with a mixture of 0.1 μg/ml biotinylated goat anti-streptavidin (Vector) and 0.67 μg/ml Alexa FluorR 568-Rabbit anti-Mouse IgG (Molecular probe), and then with a mixture of 0.4 μg/ml Alexa FluorR 488-streptavidin and 0.67 μg/ml Alexa FluorR 568-goat anti-Rabbit IgG (Molecular probe). Incubation was done for 10--16 h at 4°C. Fluorescent images were taken under a BX51 fluorescent microscope equipped with a DP70 digital camera using DP controller software (version 2.2.1.227) and processed using DP manager software (version 2.2.1.195; Olympus).

Southern blot analysis of BAC clones {#Sec10}
------------------------------------

Southern blot analysis of BAC clones was performed by a standard procedure (Sambrook et al. [@CR30]). Probes for *I2* homologs were prepared as follows: *I2* homologs were PCR-amplified from *C. chinense* PI159236 total DNA using degenerate primers, PI2H-B1F2 and PI2H-B2R1 (Table [2](#Tab2){ref-type="table"}), which amplified at least 19 different *I2* homologs as revealed during the development of RGA markers; the DNA fragments from multiple numbers of pepper *I2* homologs were gel purified and then labeled using Hi-Prime DIG DNA labeling kit (Roche). *Cot*-1 and *Cot*-100 DNA were also labeled using the same kit.

Results {#Sec11}
=======

Primary mapping of *L*^3^ gene {#Sec12}
------------------------------

We first mapped the *L*^3^ gene using the NK population, an intra-specific F2 population derived from a *C. annuum* cultivar and its derivative containing an introduced *L*^3^ gene from *C. chinense* PI152225. Three rounds of AFLP analysis on bulk DNA from PMMoV-resistant and -susceptible F2 progenies revealed eight polymorphic DNA fragments amplified by seven combinations of selective PCR primers. Two SCAR markers were generated from them. Marker A339 did not segregate from the *L*^3^ gene and marker A214 was mapped to 1.15 cM from the *L*^3^ gene (from the analysis of 2,016 individuals from NK population (Fig. [1](#Fig1){ref-type="fig"}a). To increase the number of molecular markers available for the mapping experiments, we took two different approaches. Firstly, we generated and analyzed the BAC contig containing the A339 marker and secondly we analyzed the YB population by AFLP. We generated a BAC contig with 13 independent clones (designated as contig 339), generated 6 SCAR markers including 189D23M, but these markers did not segregate from the *L*^3^ gene (Fig. [1](#Fig1){ref-type="fig"}a). AFLP analysis of the YB population revealed 19 polymorphic DNA fragments that exhibited linkage to the *L*^3^ gene. We successfully generated 13 SCAR markers based on the sequences of the polymorphic DNA fragments from NDN and KOS. Nine of them were mapped further than or at the same location as A214 from the *L*^3^ gene. A marker designated YB2A26 did not segregate from the *L*^3^ gene and another three (YB2A25, YB2A14 and YB2A19) were mapped on the opposite side of the *L*^3^ gene to A214 (Fig. [1](#Fig1){ref-type="fig"}a). Thus we obtained multiple markers on either side of the *L*^3^ gene. However, none of them identified a BAC contig that encompassed the entire *L*^3^ gene, most likely due to interference by repetitive sequences in the BAC screening.

Discovery of pepper *I2* homologs and development of RGA markers {#Sec13}
----------------------------------------------------------------

Sequence analysis of BAC clone 21L24, which was identified by screening with the A339 marker, revealed three pseudogenes homologous to *I2*, in keeping with previous reports. Screening of a cDNA library and PCR amplification with primer pairs based on *I2* sequence identified three additional *I2* homologs. Southern analysis of flanking clones revealed the presence of more *I2* homologs (Fig. [2](#Fig2){ref-type="fig"}c) in contig 339. These findings led us to develop molecular markers from the *I2* homologs. PCR primers were designed from four highly conserved regions, such that poorly conserved regions between them could be amplified (Fig. [2](#Fig2){ref-type="fig"}a). Amplification of *I2* homologs with four different PCR primer pairs targeting three regions gave rise to the identification of 29 *I2* homolog fragments. Specific PCR primer pairs for each of them were designed and used to isolate homologs from *C. frutescens* LS 1839-2-4. Polymorphism was observed in four different *I2* homolog fragments between *C. annuum* NDN and KOS. One of them was mapped between A214 and A339 (IH6-06; Fig. [1](#Fig1){ref-type="fig"}a) and the others did not segregate from the *L*^3^ gene (IH1-04 in Fig. [1](#Fig1){ref-type="fig"}a and two others that are not shown). Between *C. chinense* PI159236 and *C. frutescens* LS 1839-2-4, 17 out of 35 *I2* homolog fragments exhibited polymorphism. Two of them (IH1-04 and IH1-18, obtained by using PI2H-B1F1 and -B2R1) did not segregate from the *L*^3^ gene and were used for fine mapping described below.

Fine mapping of the *L*^3^ gene in the YB population {#Sec14}
----------------------------------------------------

Because recombinants from the NK population failed to map newly developed RGA markers, we used the YB population for fine mapping of the *L*^3^ gene. Preliminary mapping of the *L*^3^ gene in the YB population indicated that A339 co-segregated with the *L*^3^ gene and that A214 and YB2A25 were the closest molecular markers that flank the *L*^3^ gene. The screening strategy of the YB population was as follows: all F2 plants were first examined for A214, A339 and YB2A25; recombinant plants that had crossover points between A214 and YB2A25 were then tested for PMMoV resistance and used for mapping of newly developed markers. Analysis of 3,391 F2 plants identified 20 recombinants and enabled us to map the *L*^3^ gene between two RGA markers, IH1-04 and IH1-18, and a BAC-end marker 189D23M further narrowed down the *L*^3^ region (Fig. [1](#Fig1){ref-type="fig"}a). IH1-04 but not IH1-18 identified a specific BAC clone (Fig. [1](#Fig1){ref-type="fig"}b). The results indicated that the *L*^3^ gene is contained in the pepper chromosome region included in five BAC clones and a single blank region between BAC clones 253A1 and 197AD5. Our BAC library did not have any positive clone for the 253A1R marker besides BAC clone 253A1 itself, and 197AD5R was not useful for BAC screening because it includes repetitive sequences and generated false positive clones. Therefore, the physical distance between 253A1 and 197AD5 could not be determined by the analysis of the BAC library.

Stretched DNA fiber FISH analysis for determination of the blank length in a BAC contig encompassing the *L*^3^ gene {#Sec15}
--------------------------------------------------------------------------------------------------------------------

We employed stretched DNA fiber FISH analysis to assess the physical distance between BAC clones 253A1 and 197AD5. Because BAC clones consisting of contig 339 contain numbers of highly repetitive sequences (Fig. [2](#Fig2){ref-type="fig"}e, f), it was difficult to obtain unambiguous results in the analysis of this region by stretched DNA fiber FISH. DNA probes prepared from BAC clones 197AD5 and 99DD2 gave numerous short fluorescent signals, in addition to stretches of successive fluorescent signals in the absence of *Cot*-100 blocking DNA, and in its presence, gave only the short signals (data not shown). We found that probes prepared by an elongated labeling reaction are slightly more tolerant to blocking by *Cot*-100 DNA and generate longer signals than probes prepared by the standard 1 h reaction. Reproducible patterns of long fluorescent signals for BAC clones 253A1, 197AD5 and 99DD2 were eventually obtained (Fig. [3](#Fig3){ref-type="fig"}). The insert sizes of these clones were calculated from an electropherogram of *Hin*dIII-digested DNA (Fig. [2](#Fig2){ref-type="fig"}c) to be about 50, 80 and 90 kb, respectively. Based on these results, the blank region between BAC clones 253A1 and 197AD5 was assessed to be about 30 kb or shorter. Partial sequencing, restriction analysis and Southern analysis (data not shown) suggested that the overlapping lengths between each adjacent pair of BAC clones are as follows: 197AD5 and 99DD2, 15 kb; 99DD2 and 21L24, 40 kb; 21L24 and 185CA10, 25 kb. The *L*^3^ gene was thus located within a pepper chromosome 11 region of about 350--400 kb.Fig. 3Stretched DNA fiber FISH analysis to estimate the gap size between two BAC contigs. Stretched DNA fibers were probed with BAC clones 253A1, 197AD5 and 99DD2, fluorescently labeled *green*, *red* and *green*, respectively. Representative micrographs with apparent continuous signals are shown. As 197AD5 and 99DD2 contain highly repetitive sequences, only the continuous signals should be taken into account. The *scale bar* indicates 10 μm, which corresponds to 30 kb. Sizes of the BAC clones and the overlapping region between 197AD5 and 99DD2 were estimated from agarose gel electrophoresis, while the gap was estimated by stretched DNA fiber FISH analysis

An incomplete BAC contig encompassing the *L*^3^ gene contains highly repetitive sequences and multiple copies of *I2* homologs {#Sec16}
-------------------------------------------------------------------------------------------------------------------------------

The *I2* locus was reported to contain seven compactly arranged genes, called the *I2* complex, homologous to the CC-NBS-LRR-class of R-gene within the region of 90 kb of the tomato chromosome. The pepper chromosome region containing *L*^3^ reportedly has synteny to the tomato chromosome region containing *I2* and we identified three pseudogenes homologous to *I2* in BAC clone 21L24. To explore if the *L*^3^ region codes for more *I2* homologs than those we had found in BAC clone 21L24, we analyzed five BAC clones that corresponded to the *L*^3^ region and an additional four proximal clones, by Southern blotting. BAC clones digested with *Hin*dIII were analyzed with an *I2* homolog probe, revealing more than ten *I2* homologs within the *L*^3^ region (Fig. [2](#Fig2){ref-type="fig"}d). Unlike the compactly arranged *I2* complex, they seemed to be sparsely distributed in this region. *I2* homologs were also detected outside the *L*^3^ region (Fig. [2](#Fig2){ref-type="fig"}d, lanes 7, 8 and 9), suggesting that the *L*^3^ region is part of a large R-gene cluster.

We then probed the identical Southern blot with *Cot*-1 and *Cot*-100 DNA to assess how much repetitive sequence exists in this region. A number of fragments were detected by the repetitive sequence probes with a slight difference in band patterns between the two probes (Fig. [2](#Fig2){ref-type="fig"}e, f). BAC clone 213E3, which is adjacent to the *L*^3^ region, contained a large fragment heavily labeled by the repetitive sequence probes, revealing a large cluster of repetitive sequence adjacent to the *L*^3^ region (Fig. [2](#Fig2){ref-type="fig"}e, f, lane 1). Although located in different *Hin*dIII fragments, other BAC clones (namely 21L24, 185CA10 and 181AC6) also contained large numbers of repetitive sequences (Fig. [2](#Fig2){ref-type="fig"}e, f, lanes 5, 6 and 7). These results are consistent with a previous report that demonstrated a molecular marker linked to the *L* locus that gave numerous positive clones when used in BAC library screening. Collectively, our results indicate that the *L*^3^ gene is encoded within a pepper chromosome 11 region containing both large numbers of repetitive sequences and R-gene homologs including some pseudogenes.

Discussion {#Sec17}
==========

In this study, we mapped the *L*^3^ gene to a pepper chromosome 11 region of about 400 kb. Although *L* genes have been known for a long time, they have not been precisely mapped, probably because of the lower density of molecular markers developed in this region. We used three different types of molecular markers for the mapping of the *L*^3^ gene, AFLP, BAC-end and RGA markers. RGA markers were the most useful in this case, probably because the *L*^3^ region is rich in repetitive sequences, is less polymorphic, and therefore, other types of markers are difficult to obtain in this region as suggested previously (Yoo et al. [@CR39]). RGA markers were used to efficiently map quantitative trait loci (QTLs) related to several disease resistances (Pflieger et al. [@CR29]), suggesting, together with our results, that RGA markers are useful in the mapping of resistance genes.

We analyzed BAC clones corresponding to the *L*^3^ region and found that, as suggested previously, the *L*^3^ region contained a cluster of R-like genes and also highly repetitive sequences (Grube et al. [@CR12]; Yoo et al. [@CR39]). Southern blotting suggested there are about ten copies of R-like genes in the 400 kb region. The result suggests that, like the *R3a* region, the *L*^3^ region is larger and more sparsely arranged than the *I2* region, although the physical distance between common markers (e.g., TG105 and TG26 in tomato and potato; Ori et al. [@CR28]; Simons et al. [@CR32]; Huang et al. [@CR16]) is not available in peppers. One of the *I2* homologs in potato \[*I2GA-SH194-1* in Huang et al. ([@CR16])\] was shown to have an inserted retrotransposon. We found repetitive sequences in the Southern blotting of the BAC contigs and also identified a pair of similar sequences of about 2.3 kb in the partially sequenced 21L24 BAC clone (Accession No. AB442183 and AB442184). Although we have not identified any sequences typical to transposons in our BAC contigs, the insertion of transposons would be one of the mechanisms for physical expansion in the *R3a* and *L*^3^ loci. It is interesting that the potato *R3a* locus is more similar in its R-like gene arrangement to the *L*^3^ locus of the distantly related pepper than it is to the *I2* from the closely related tomato. Each of the resistance loci may have evolved independently during speciation, even if they share an ancestral origin. It is possible that, like the *R3a* gene, the *L*^3^ gene is one of the *I2* homologs in pepper. However, this cannot be determined until the *L*^3^ gene has been isolated (see below).

The structural features of the *L*^3^ region provided insight into the structure of the *L* locus. As mentioned before, allelic genes---*L*^1^, *L*^2^, *L*^3^ and *L*^4^---provide increasing anti-tobamovirus resistance. There are some models for the hierarchical interaction between *L* genes and tobamoviruses (Fig. [4](#Fig4){ref-type="fig"}). One is that each allele consists of a single R-protein coding gene, which can confer increasing spectrum of resistance (Fig. [4](#Fig4){ref-type="fig"}a) and another is that each allele consists of increasing numbers of protein-coding genes that can confer resistance to either of the tobamovirus pathotypes (Fig. [4](#Fig4){ref-type="fig"}b). Our finding of multiple copies of R-like genes is consistent with both models. In addition to these models, it is possible that multiple genes have roles in the *L*^3^-mediated resistance in a mutually dependent manner (Fig. [4](#Fig4){ref-type="fig"}c), analogous to the *Arabidopsis* RPP2A and RPP2B genes (Sinapidou et al. [@CR33]). Although segregation of multiple genes involved should be assumed in the second model, such a phenomenon was not observed. Nevertheless, the possible linkage disequilibrium discussed below could explain the allelism of *L* genes in the second model.Fig. 4Models for the structure of *L* genes, alleles of which exhibit an increasing spectrum of resistance to tobamoviruses. **a** Increasing spectrum of resistance is produced by a single R-protein coding gene that confers resistance to different pathotypes of tobamoviruses: e.g., *L*^3^ gene to P~0~, P~1~ and P~1,2~. Other R-like genes in *L*^3^ region are either pseudogenes or R-genes to other pathogens. **b** Increasing spectrum of resistance is produced by increasing numbers of different R-protein coding genes, each of which confers resistance to one of the tobamovirus pathotypes: e.g., the *L*^3^ gene consists of three R-genes, α-P~0~, -P~1~ and -P~1,2~. **c** Increasing spectrum of resistance is produced as in **a**, but multiple copies of R-like genes are required for the conferral of resistance (e.g., *L*^3^ requires two or more mutually dependent genes to confer the resistance to P~0~, P~1~ and P~1,2~). **d** Increasing spectrum of resistance is produced by the additional components, which cannot function by themselves: e.g., *L*^3^ gene confers the resistance to P~1,2~ pathotype of tobamoviruses by an additional component B, function of which depends on two components, C and D, that confer the resistance to P~1~. The resistance to P~1~ pathotype is produced by the component C, function of which depends on the component D that confers the resistance to P~0~

Mapping of the *L*^3^ gene in two different mapping populations revealed a striking difference between the two populations in the distribution patterns of recombination crossover points, suggesting linkage disequilibrium within the region encompassing the *L* locus. For example, only one recombinant was identified to have a crossover point between YB2A25 and A339 markers in the NK population, but there were eight recombinants in the YB population. On the other hand, there were 28 recombinants between the *L*^3^ gene and marker A214 in the NK population but only 12 in the YB population, although the latter population was about 1.7 times larger. A possible explanation of the difference in the recombination patterns is that the distribution of repetitive sequences in the region is not conserved among the three species used in this study. *C. chinense* is the origin of the *L*^3^ gene, *C. annuum* KOS has a susceptible gene (*L*^+^), NDN has the *L*^3^ gene derived from *C. chinense* and *C. frutescens* has the *L*^2^ gene. Given that the sequences, numbers and distribution patterns of repetitive sequences in the *L* loci of these three species are diverse from each other, the differences would lead to different recombination frequencies in some sub-regions of the *L* locus among these species. Another possible explanation is that the presence of repetitive sequence induces heterochromatin formation in the region (Lamb et al. [@CR20]). However, this is not very likely because the region contains at least a single active gene that confers tobamovirus resistance.

In addition to the difference between the two mapping populations in the distribution patterns of recombination points, the sequence in closer proximity to the *L*^3^ gene exhibited a strong tendency to be suppressed in recombination. In the YB population, there were three recombinants identified between 213E3R and 253A1R, which were generated from BAC-end sequences of two contiguous clones and separated by about 150 kb, but there was no recombination between 253A1R and 21L24M, which are about 300 kb away from each other. Moreover, no recombinant was identified in the NK population within the region encompassing the *L*^3^ gene within 500 kb. As mentioned for the regions distantly linked to the *L*^3^ gene, differences in highly repetitive sequences could have a role in the suppression of recombination in the *L*^3^ region. Taken together, it is possible that each allele of the *L* genes contains a different number of R-genes that behave as a single locus, supporting the model b (Fig. [4](#Fig4){ref-type="fig"}).

Moscone et al. ([@CR27]) analyzed the karyotype of a number of wild and crop species from genus *Capsicum* by several techniques including fluorochrome staining and physical mapping of telomeric sequences. Based on the results, they proposed that *C. chacoense*, which harbors the *L*^4^ gene, was the first to branch off the ancestral *Capsicum* plant, then the cluster of *C. annuum*, *C. chinense* and *C. frutescens* branched off, and thereafter others, including *C. baccatum*, were speciated. We analyzed sequences of SRC2 homologs from these five species, because a *C. chinense* gene similar to soybean SRC2 was induced during the resistance response (HH et al., unpublished result). Comparison of SRC2 homologs (Accession No. DQ465394, AB442165, AB442214, AB442215 and AB442216) supported the phylogenetic relationship proposed by Moscone (data not shown). We have tested several accessions belonging to these five species for the resistance to tobamoviruses and found that only *C. chacoense* has the *L*^4^ gene (except for those with artificially introduced *L*^4^ genes, e.g., *L*^4^-cultivars of *C. annuum*). These facts led us to another model, in which ideas of models in Fig. [4](#Fig4){ref-type="fig"}b and c are combined (Fig. [4](#Fig4){ref-type="fig"}d). This model assumes that the *L*^4^ gene complex consists of at least four components that are all required for the resistance to P~1,2,3~ pathotype tobamovirus in the ancestral *Capsicum* plant and *C. chacoense*. During speciation, one of the components would have lost their function by a mutation: loss of gene A in Fig. [4](#Fig4){ref-type="fig"}d resulted in the generation of *L*^3^ resistance; loss of gene B resulted in *L*^2^ resistance (meanwhile, gene A became neutral for selection and eventually lost its functional requirements); loss of gene C resulted in *L*^1^ resistance with eventual loss of function in genes A and B; and loss of gene D resulted in the susceptible phenotype with eventual loss of function in genes A, B and C. Under this model, a cross of the *L*^4^ and susceptible *L*^+^ plants would result in segregation of the component genes leading to the generation of all types of resistance in the F2 generation. Suppression of recombination in the *L* locus as discussed above might have maintained the *L*^4^ gene complex during the artificial crosses for breeding of *L*^4^ cultivars.

In this study, we mapped *L*^3^ gene to a 400 kb region by identifying five BAC clones that partially cover the region and revealed the gap in the BAC contig to be about 30 kb by stretched DNA fiber FISH. Although abundant repetitive sequences could interfere with obtaining contiguous sequence data, it is feasible to obtain sequences for protein coding genes from several independent contigs. R-gene homologs, especially *I2* homologs, would be good candidates for the *L*^3^ gene. Functional analysis for identifying *L*^3^ gene might be difficult for two reasons: more than two genes could be required for the *L*^3^ resistance as discussed above, and the *L*^3^ gene could be non-functional in heterologous species. Although *Agrobacterium*-mediated transient expression in pepper is quite inefficient in our hands, we have established a protocol for stable transformation of a tobamovirus-susceptible cultivar of *C. annuum* (JM and KS, unpublished results). Transgenic screening of the candidate genes would lead to the isolation of *L*^3^ gene, which is expected to reveal the structure of *L* locus and the molecular basis of the hierarchical interaction between *CapsicumL* genes and tobamoviruses of different pathotypes.
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MOESM1 Fig. S1. Alignment of *I2*, *I2*-cognate and pepper *I2*-homologs (PI2H) found in *Capsicum chinense* genome. Degenerate primers were conserved regions, B1, B2, B3 and B4. Their positions in whole *I2* coding region are shown in A. Primer sequences are shown below the alignments. Reverse primers, PI2H-B2R1, B2R2, -B3R1, B3R2, -B4R1 and -B4R2 are shown in complementary polarity (PDF 78 kb)
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MOESM2 Fig. S2. An example of three-step BAC screening for chromosome walking. BAC clones (100,224 clones) were picked up and cultured independently in 384‐well plates. BAC cultures from a single plate (384 clones) were mixed and subjected to DNA preparaMon. Two hundred and sixty one pooled DNA were then subjected to the 1st step of three‐step PCR screening (A). In the presented experiment, a primer pair amplifying a specific sequence from BAC clone 124DG1 was used. The 1st step PCR screening idenMfied pool No. 83 to have the specific sequence. Then 384 clones of plate No. 83 were transferred to 4 plates (96 clones each; designated A, B, C and D). DNA from these 4 plates were subjected to the 2nd step screening. Four PCR idenMfied a posiMve pool D. Then 96 clones from pool D were independently cultured and subjected to DNA preparaMon. Each of the 96 clones were subjected to 3rd step PCR to idenMfy a posiMve clone (PDF 2885 kb)
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MOESM3 Fig. S3. AFLP analysis of NK (A, B) and YB population. A and B, the 3rd screening for AFLP markers co-segregate with *L3* gene-mediated resistance. Analysis of 11 resistant and 21 susceptible F2 progenies revealed that A339 (A) and A214 (B) were closely linked to *L3* gene. Selective primers used to amplify them are shown with common sequences underlined. C, the 2nd screening for AFLP markers co-segregate with *L3* gene-mediated resistance. Analysis of resistant (R) parent and susceptible (S) F2 progenies (bulk DNA from 12 progenies) revealed 28 AFLP bands co-segregated with *L3* gene-mediated resistance. They were cloned and sequenced as described. SCAR markers were developed in 14 of them. Analysis of the SCAR markers revealed that YB2A14, YB2A19 and YB2A25 are useful for this study (PDF 1787 kb)
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